Abstract -An anaerobic sequencing batch biofilm reactor (AnSBBR) containing immobilized biomass and operating with recirculation of the liquid phase (total liquid volume 4.5 L; treated volume per cycle 1.9 L) was used to treat sucrose-based wastewater at 30 ºC and produce biohydrogen. The influence of applied volumetric organic load was studied by varying the influent concentration at 3600 and 5400 mgCOD.L -1 and using cycle lengths of 4, 3 and 2 hours, obtaining in this manner volumetric organic loads of 9, 12, 13.5, 18 and 27 gCOD.L . Different performance indicators were used: productivity and yield of biohydrogen per applied and removed load, reactor stability and efficiency based on the applied and removed organic loads, both in terms of organic matter (measured as COD) and carbohydrate (sucrose). The results revealed system stability (32-37% of H 2 in biogas) during biohydrogen production, as well as substrate consumption (12-19% COD; 97-99% sucrose). Conversion efficiencies decreased when the influent concentration was increased (at constant cycle length) and when cycle lengths were reduced (at constant influent concentrations). The best yield was 4.16 mol-H 2 .kg-SUC -1 (sucrose load) at 9 gCOD.L -1
. Different performance indicators were used: productivity and yield of biohydrogen per applied and removed load, reactor stability and efficiency based on the applied and removed organic loads, both in terms of organic matter (measured as COD) and carbohydrate (sucrose). The results revealed system stability (32-37% of H 2 in biogas) during biohydrogen production, as well as substrate consumption (12) (13) (14) (15) (16) (17) (18) (19) (97) (98) (99) . Conversion efficiencies decreased when the influent concentration was increased (at constant cycle length) and when cycle lengths were reduced (at constant influent concentrations). The best yield was 4.16 mol-H 2 .kg-SUC -1 (sucrose load) at 9 gCOD.L -1
.d -1 (3600 mgCOD.L -1 and 4 h) with H 2 content in the biogas of 36% (64% CO 2 and 0% CH 4 ). However, the best specific molar productivity of hydrogen was 8.5 molH 2 .kgTVS 
INTRODUCTION
Concerns regarding the use of fossil fuels, together with environmental issues, have led scientists to search for new energy alternatives. There are several ways to produce energy via biological means: methane from anaerobic digestion, ethanol obtained from fermentation, and hydrogen obtained by fermentation of several substrates. Within this perspective, hydrogen has appeared as a promising substitute for petroleum-derived fuels. The advantages of this fuel include clean combustion and high energy potential. At present, studies are focused on finding new ways for large scale production to make production economically feasible (Lin and Lay, 2005; Argun et al., 2008; Turcot et al., 2008; Wang et al., 2008 and 2009a) .
Hydrogen production from waste may become a technological and economically feasible alternative and, at the same time, integrate the principles of sustainable development because different residues can be used as substrate for biohydrogen production, such as: sucrose, wheat starch, organic fraction of solid waste, biological reactor effluent, vegetable oils and waste from biodiesel and ethanol production processes (Lin and Lay, 2005; Argun et al., 2008; Turcot et al., 2008 and 2009a Das and Veziroglu, 2001; Kawagoshi et al. 2005; Li and Fang, 2007; Davila-Vazquez et al., 2007; Ren et al., 2008; Wang et al., 2009b) . Moreover, the effluent of biohydrogen production units may be used to produce biomethane by anaerobic digestion.
These residues are used in studies that assess hydrogen productivity and operational stability of the reactors using operation parameters for hydrogen production including several factors, such as the nature of the inocula, pH, temperature, nature and concentration of the substrate, and residence time of the liquid in the reactor. These parameters have specific influences on the productivity and yield per removed load (Tanisho and Ishiwata, 1995; Khanal et al., 2003; Wu et al., 2003; Lay, 2004a-b and Ferchichi et al., 2005; Ito et al., 2005; Zhang et al., 2006; Mu et al., 2006; Liu et al., 2006; Jeong et al., 2007; Nishio and Nakashimada, 2007; Mohan et al., 2007; Alzate-Gaviria et al., 2007; Leite et al., 2008; Yang et al., 2008; Argun et al., 2008; OThong et al., 2008; Oztekin et al., 2008; SabourinProvost et al., 2009; Wu et al., 2010; Buitrón and Carvajal, 2010; Sreethawong et al., 2010; Badiei et al., 2011; Mohanakrishna et al., 2011) .
Anaerobic reactors operated in sequencing batch and/or fed batch seem to be appropriate for biohydrogen production. These reactors have a typical cycle that comprises four steps: (i) feeding, in which the fill time may vary, defining the feed strategy as batch and/or fed batch; (ii) the treatment itself, via biotransformation of the wastewater constituents by microorganisms; (iii) sedimentation, only when the biomass is in granular form (ASBR) since this step is not required when the biomass is immobilized on inert support (AnSBBR); and (iv) discharge, i.e., removal of treated and clarified liquid.
These reactors have been studied in several projects which focus on optimization of conventional bioreactors and on novel configurations that allow application of the system to different wastewaters, as well as full-scale implementation (Bagley and Brodkorb, 1999; Massé and Masse, 2000; Zaiat et al., 2001; Angenent et al., 2002; Shizas and Bagley, 2002; Rodrigues et al., 2003; Damasceno et al., 2008; Oliveira et al., 2008; Oliveira et al., 2009; Friedl et al., 2009; Michelan et al., 2009; Bezerra et al., 2009 and Mockaitis et al., 2010; Carvalhinha et al., 2010; Novaes et al., 2010a; Novaes et al., 2010b; Selma et al., 2010; Oliveira et al., 2010; Cubas et al., 2011; Rodrigues et al., 2011) . Furthermore, these reactors have shown an increasing potential to generate biomethane (Bezerra et al., 2011; Lovato et al., 2012; Silva et al., 2013) and biohydrogen from wastewaters, i.e., wastewater can be used as raw material to obtain energy.
In this context, the main objective of this work was to assess the stability and performance of an anaerobic sequencing batch biofilm reactor (AnSBBR), with recirculation of the liquid phase and containing immobilized biomass, for biohydrogen production, treating sucrose-based synthetic wastewater. Reactor performance was assessed by means of yield and productivity indicators for different applied volumetric organic loads, obtained by modifying the influent concentration and cycle length, also taking into account the composition of the produced biogas (hydrogen, methane and carbon dioxide), the distribution of metabolites in the liquid effluent (volatile acids and ethanol) and substrate removal.
The justification for using the particular bioreactor and experimental protocol was to investigate discontinuous operation, which presents simple operational control for biogas generation and separation in "small scale" production units as an alternative to the continuous mode, taking into account flexibility in the feeding strategy (different flow rates and cycle length) and the possibility to use different influent wastewater concentrations available for treatment. Furthermore, some potential limitations of this reactor due to inherent transient behavior in batch operation were studied, such as the possibility of over-load (resulting in microbial inhibition) and lower productivity due to sequencing charge-discharge operations. Sucrose-based synthetic wastewater (favorable biodegradation characteristics) was used to focus the study on engineering the operating aspects of biohydrogen production. Figure 1 illustrates the scheme of the system used for biohydrogen production by anaerobic treatment of sucrose-based synthetic effluent. The reactor consisted of a cylindrical acrylic column with height of 540 mm, external diameter of 100 mm and wall thickness of 3.5 mm. A 30 mm compartment at the bottom of the reactor allowed enhanced distribution of the wastewater, preventing formation of preferential routes. At the upper part of the reactor a 30 mm region (200 mL) functioned as a biogas collector (H 2 , CH 4 and CO 2 ). Hence, the total volume of the reactor was 4.3 L (empty volume).
MATERIALS AND METHODS

AnSBBR with Liquid Phase Circulation
The inert support containing the immobilized biomass was placed between perforated stainless steel plates, lined with screens on the upper side. These plates divided the 540 mm high reactor into five parts to avoid bed compacting and passage of the support particles between stages.
The recirculation unit comprised (i) a side reservoir, with a volume of 2.9 L (empty volume), consisting of a cylindrical acrylic container with height of 430 mm, external diameter of 100 mm and wall thickness of 3.5 mm; and (ii) an MCP Ismatec peristaltic pump with adjustable flow rate of up to 52.3 L.h -1
. A 100-mL measuring cylinder was attached to the recirculation system for flow rate measurements. Hence, the total resulting volume of the reactor (4.3 L) and reservoir (2.9 L) was 7.2 L.
Feeding and discharge were performed using ), respectively, aided by an automation system consisting of RTST/20 Coel ® timers. A control unit was used for automate feeding, discharge and recirculation operations.
The reactor was placed in a chamber kept at 30 ± 1 ºC, where the temperature was maintained constant by a system composed of sensor, controller (Novus ® , modelo N480), fan and electric resistance.
Inert Support and Inoculum Immobilization
The support used for biomass immobilization consisted of low-density polyethylene (LDPE) pellets obtained from recycled plastic waste, with length of 5 mm and diameter of 3 mm. The bed formed with these LDPE particles had an apparent and real density of 470 and 825 g.L -1
, respectively, and a porosity of 43%.
The inoculum used in all experiments came from an up-flow anaerobic sludge blanket reactor (UASB) treating wastewater from a poultry slaughterhouse. This inoculum contained a diverse microbial consortium for acclimatization, according to the results of Kawagoshi et al. (2005) .
The immobilization procedure consisted of immersing the LDPE pellets (850 g) for 1 h in 1 L of inoculum with total volatile solids (TVS) and total solids (TS) of 51 and 62 g.L -1 , respectively, previously crushed through a sieve (2 mm mesh) to facilitate its retention/distribution throughout the reactor bed. The excess sludge was removed and the support material was introduced into the reactor. 1) reactor containing immobilized biomass; 2) circulation reservoir; 3) flow rate meter; 4) circulation pump; 5) discharge pump; 6) feed pump; 7) wastewater reservoir; 8) control unit; 9) effluent measuring cylinder collector; 10) biogas outlet. The ratio of the carbon and nitrogen-urea source (C/N) was set at approximately 140 and COD/P ratio at approximately 500 (1000:2) (Leite et al., 2008) . Initial influent pH was adjusted so as to maintain the effluent pH near 5. The C/N ratio (g-C/g-N) was calculated according to the mass percentage of the elements carbon and nitrogen in sucrose (glucosefructose -C 12 H 22 O 11 -144g-C/342g-sucrose) and urea (CH 4 N 2 O -28g-N/60g-urea), which were part of the medium, resulting in a C/N ratio of 139.3 g-C/g-N (= 893/5.8 = (893·144/342) / (5.8·28/60) = 376.0/2.7). The C/P ratio (g-C/g-P) was calculated according to the mass percentage of the elements carbon and phosphorus in sucrose (glucose-fructose -C 12 H 22 O 11 -144g-C/ 342g-sucrose) and phosphorus salts (KH 2 PO 4 -31g-P/136g-KH 2 PO 4 ; K 2 HPO 4 -31g-P/174g-K 2 HP O 4 ; Na 2 HPO 4 -31g-P/142g-Na 2 HPO 4 ), which were part of the medium, resulting in C/P ratios: (i) 184. 
Sucrose Based Synthetic Wastewater
Physical-Chemical Analyses and Microbiological Tests
Reactor monitoring was carried out by measuring influent and effluent samples, unfiltered (C CT ) and filtered (C CF ) organic matter concentration as chemical oxygen demand (COD) and by the Dubois method for determining unfiltered (C ST ) and filtered (C SF ) carbohydrates, bicarbonate alkalinity (BA), total volatile acids (TVA), total solids (TS), total volatile solids (TVS), total suspended solids (TSS), volatile suspended solids (VSS); pH and volume fed/discharged per cycle (Standard Methods for Examination of Water and Wastewater, 1995) .
The intermediate compounds of the anaerobic metabolism (acetone, methanol, ethanol, n-butanol, acetic, propionic, butyric, isobutyric, valeric, isovaleric . The head space method was employed in these analyses, using as internal standard crotonic acid (for volatile acids determination) and isobutanol (for determination of acetone and alcohols).
Composition of the biogas generated via anaerobic degradation was analyzed by gas chromatography using an Agilent Technologies® 7890 gas chromatograph equipped with thermal conductivity detector (TCD) and GS-Carbonplot column (30 m × 0.53 mm × 3.0 μm). The carrier gas used was argon at 3.67 mL.min -1 , the injector temperature was 185 ºC, injection volume 200 μL and split ratio 10. Oven temperature was programmed as follows: 40 °C isothermal for 5 min. Detector temperature was 150 ºC, with makeup (argon) flow rate of 8.33 mL.min -1 . Volumetric production was measured with a Ritter Milligacounter gas meter.
Quantification of the biomass inside the reactor was performed at every two experimental conditions to calculate the applied and removed specific organic load.
Microbiological tests were examined under glass slides by means of common optical and fluorescence phase contrast using an Olympus® BX-41-FL-III microscope with a 3.3 MPixel QCOLOR3C digital camera and IMAGE PRO-EXPRESS v. 5.1 image analyzer.
Experimental Procedure
Assays were performed using increasing volumetric organic loads, by varying the influent concentration: 3600 and 5200 mgCOD.L -1 , and cycle length: 4, 3 and 2 h, i.e., 6, 8 and 12 daily cycles ( Table 1 ). The number of samples used for monitoring was 20 for each experimental condition, over a 30-day testing period.
The total work volume of the reactor and reservoir (4.3 + 2.9 = 7.2 L) comprised a volume of 2.6 L of medium retained in the system, 1.9 L of medium treated per cycle (volume fed at the start of the cycle and discharged at the end of the cycle), 1.8 L of support material, and the remaining 0.9 L for biogas collection (0.2 L at the top of the reactor and 0.7 L at the top of the reservoir). * VF = 1.9 ± 0.1 L and VR = 4.5 ± 0.1 L.
Reactor operation (with inert support and inoculum) was performed as follows: in the first cycle 4.5 L of medium were fed to the system (2.6 L of medium in the reactor and 1.9 L in the reservoir) for 20 min). After the end of feeding the recirculation flow (20 L.h -1 -recirculation rate of 0.2 cm.s
) was turned on. At the end of the cycle, of which the duration was a function of the experimental conditions, recirculation was switched off and 1.9 L of medium was discharged in 10 min, with 2.6 L residual volume held in the reactor (besides the 1.8 L inert support). Immediately after this discharge, a new cycle started, in which 1.9 L of medium was fed in 10 min, and recirculation was turned on. At the end of the cycle, recirculation was stopped and then discharge started, which lasted 10 min. Thus, the cycles were repeated, characterizing the sequencing batch operation.
After reaching stability, verified by the attainment of approximately constant values for the monitored effluent parameters at the end of the cycles, profiles of the following were obtained: filtered organic matter concentrations, total carbohydrates, bicarbonate alkalinity, total volatile acids, intermediate metabolites (acetone, acids and alcohols), pH and biogas (composition and production). To obtain the aforementioned profiles, samples were taken at 30-min time intervals during a cycle. The volume collected did not exceed 240 mL, being always 8% below the total volume of wastewater in the reactor. After each operation, sludge samples were taken from the reactor for microbiological analysis.
The experimental results obtained from the system monitoring and from the profiles at each operating condition were analyzed considering the effect of the investigated variables on process stability and performance, as well as the different hydrogen production indicators. The microbiological analyses allowed assessment of microbial morphology.
Theoretical
The organic matter removal efficiencies for unfiltered (ε CT ) and filtered (ε CF ) samples were calculated by Equation (1), in which C CT,I is the concentration of total organic matter (COD) in the influent, C CT and C CF are organic matter concentrations for unfiltered and filtered samples in the effluent, respectively.
The organic matter removal efficiencies based on carbohydrates (sucrose) for unfiltered (ε ST -C ST,I and C ST ) and filtered (ε SF -C ST,I and C SF ) samples were calculated in a similar way (Equation (2)).
Equation (3) , respectively, defined as the amount of carbohydrate (sucrose) or organic matter (measured as COD) applied to the reactor per unit time and per reactor medium volume, where V F is the volume of wastewater fed in the cycle, N is the number of cycles per day and V R is the volume of liquid medium in the reactor.
Equation (4) , respectively, for filtered samples, defined as the amount of carbohydrate (sucrose) or organic matter (measured as COD) removed by the reactor per unit time and per reactor medium volume, was calculated by Equation (5).
The removed specific organic load (RSOL SF or RSOL CF ), expressed as kgSUC.gTVS
, respectively, for filtered samples, defined as the amount of carbohydrate (sucrose) or organic matter (measured as COD) removed by the reactor per unit time and per mass of total volatile solids in the reactor, was calculated by Equation (6).
Equation (7) was used to calculate the molar productivity (MPr), expressed as molH 2 .m n is the number of moles of hydrogen produced during the cycle. Equation (8) was used to calculate the specific molar productivity (SMPr), expressed as molH 2 .kgTVS
, defined by the ratio between hydrogen produced per unit time 
RESULTS AND DISCUSSION
The variation in reactor performance is shown in Tables 2 to 4 which can be analyzed by considering three parameters: the increase in applied organic load (conditions 1/2/3/4/5/6) and the variation in the two parameters intrinsic to the organic load: the cycle length (conditions 1/2/5 and 3/4/6 -same influent concentration) and influent concentration (1/3, 2/4 and 5/6 -same cycle length). In the biogas samples only hydrogen and carbon dioxide were detected, i.e., no methane was detected under the experimental conditions (detection limit of 0.01 mmol.L -1
). The average value of total volatile solids in the bed (M TVS ) was 23 ± 2 gTVS and of support material (M Support ) was 1536 g-support, resulting in specific (C' X-TVS ) and volumetric (C X-TVS ) biomass concentration of 0.015 ± 0.002 gTVS.gsupport -1 and 5.1 ± 0.3 gTVS.L -1 , respectively, for a volume fed per cycle (V F ) of 1.9 ± 0.1 L and total liquid medium in the reactor (V R ) of 4.5 ± 0.1 L.
The biomass inside the reactor presented endospores under all conditions and no significant differences in biomass between conditions was detected. The presence of endospores and the presence of metabolites in the effluent such as ethanol, acetic acid and butyric acid, accompanied by the production of hydrogen gas indicate fermentation bybacteria of the genus Clostridium (Lin et al, 2007) .
Organic Matter (COD and Carbohydrate) Removal
The results obtained for the six different experimental conditions contained in Table 2 showed that the average removal efficiency of organic matter (COD) for filtered samples was 18% while stability was maintained throughout the experimental phase. It can be observed that different applied volumetric organic loads from the different cycle lengths (with the same influent concentration) and different influent concentrations (with the same cycle length) did not affect COD removal, since the organic matter was converted into intermediates, resulting in reduced COD removal under all conditions.
The behavior of influent and effluent carbohydrate (sucrose) concentration under all conditions showed that nearly all sucrose introduced into the reactor was consumed, giving rise to intermediate acids and alcohols resultant from acidogenesis. Average carbohydrate conversion efficiency during the experimental period was 98%, which demonstrates efficient and stable acidogenesis throughout the experimental phase. The high organic loads from conditions 5 and 6 caused a slight reduction in carbohydrate conversion efficiency from 99% to 95% and 94%, respectively.
Thus, under all experimental conditions the carbohydrate conversion efficiency remained high and approximately constant and was not significantly influenced by the applied organic load (which was different depending on cycle length and influent concentration). The results obtained in this work (AVOL C of 8.2-26.6 kgCOD.m 
Biogas (H 2 and CO 2 with no CH 4 ) Production
Analysis of the biogas production (Table 3) shows that the increase in applied volumetric organic load, obtained by reducing cycle length at constant influent concentration (conditions 1/2/5 and 3/4/6 -50% reduction in cycle length), resulted in approximately the same value as conditions 1/2/5 (lower influent concentration) and increased biogas production for conditions 3/4/6 (higher influent concentration) (952/ 836/939 and 1285/1489/1619 NmL.cycle -1 ). When the increase in applied organic volumetric load was due to the increase in influent concentration at constant cycle length (condition 1/3, 2/4 and 5/6 -50% increase in influent concentration), this also resulted in increased biogas production (952/1285, 836/1489 and 939/1619 NmL.cycle -1 ), but with higher intensity, i.e., biogas production was more sensitive to influent concentration than to cycle length.
Comparing conditions 4/5 (1489/939 NmL.cycle -1 ), in which applied volumetric organic load is the same, but condition 5 was performed with lower influent concentration and cycle length in relation to condition 4, there was increased biogas production in condition 4, i.e., the reduction in cycle length with a proportional reduction in influent concentration (so as to maintain the same volumetric organic load) did not favor biogas production.
Analysis of biogas composition (Table 3) enabled identification of the fractions of each constituent and allowed correlation of these fractions with the volumes obtained; an average value of 37% was obtained for hydrogen, i.e., the applied volumetric load did not influence hydrogen content in the formed biogas. As a result, when the increase in applied volumetric organic load was due to the reduction in cycle length, maintaining influent concentration (conditions 1/2/4 and 3/4/6 -50% reduction in cycle length), biohydrogen content also remained approximately constant (average of 36% and standard deviation of 2%). When the applied volumetric organic load increased due to increasing influent concentration at constant cycle length (condition 1/3, 2/4 and 5/6 -50% increase in influent concentration), biohydrogen content also remained approximately constant.
The main metabolites produced during operation (Table 3) were acetic acid, ethanol and butyric acid, produced in a similar manner during the entire operation. It can be observed that the major metabolite derived from the conversion of sucrose to produce biohydrogen was acetic acid. Table 4 contains the biohydrogen production indicators for all experimental conditions: applied/ removed and volumetric/specific organic load, molar production, volumetric/specific molar productivity and yield per applied/removed organic load. It can be inferred that biohydrogen production (n H2 ) should not be used because the results indicate that the applied load does not systematically alter biohydrogen production. Such behavior can be attributed to the fact that the engineering factors involved in the different conditions were not included in this parameter.
Hydrogen Productivity and Yield
In this context, biohydrogen productivity indicators in volumetric (MPr) and specific (SMPr) terms contain in the biohydrogen production value the bioreactor volume (MPr) and the amount of biomass in the bioreactor (SMPr), respectively.
Analysis of the volumetric (MPr) and specific (SMPr) productivity showed a non-direct relationship with the applied organic loading rate (conditions 1/2/4/3/5/6), with greater sensitivity towards influent concentration (conditions 1/3, 2/4 and 5/6 -50% increase in the influent concentration: 6.9/8.2, 5.5/8.5 and 5.7/8.4 molH 2 .kgTVS ) under some conditions performed better and under others worse than those in the cited literature, indicating that this configuration may be interesting for application in biohydrogen production.
Indicators based on the applied load, both the applied organic loading rate (COD -MYAL C,n ) and the applied carbohydrate load (MYAL S,n ), show similar behavior since the organic matter, measured as COD, is the result of carbohydrate (sucrose) added to the influent. Thus, when the increase in applied volumetric organic load was due to the reduction in cycle length at constant influent concentration (conditions 1/2/5 and 3/4/6 -50% reduction in cycle length: 4.16/ 2.55/2.88 and 3.14/2.88/1.71 molH 2 .kgSUC -1 ), biohydrogen production was higher for the longer cycle. When the increase in applied volumetric organic load was due to the increase in influent concentration at constant cycle length (condition 1/3, 2/4 5/6 -50% increase in influent concentration: 4.16/3.14, 2.55/2.88 and 1.60/1.71 molH 2 .kgSUC -1 ), biohydrogen production was higher at the lowest influent concentration when the cycle length was 4 hours, i.e., was the longest. However, this behavior was the opposite for cycle lengths of 3 and 2 hours; at these cycle lengths the highest biohydrogen yield occurred at the highest influent concentration.
It is noteworthy that this reversal of behavior occurred with values very close to those of hydrogen production. Comparing conditions 4 and 5 (2.88/1.60 molH 2 .kgSUC -1 ), i.e. the same applied load with lower influent concentration and shorter cycle length, biohydrogen yield increased for condition 4. Thus, the reduction in cycle length with a proportional reduction in influent concentration (and the same organic loading rate) seems not to favor biogas production. Comparing these results (MYAL C 1.6-4.2 molH 2 .kgSUC -1 ) with Cheong et al. (2006) , Vijaya Bhaskar et al., (2008) , Chen et al. (2009) and Sreethawong et al. (2010) , who obtained MYAL C of 0.8-4.7, 0.7-1.9, 2.8-4.7 and 1.8-8.3, respectively, the performance of the AnSBBR used can be considered satisfactorily.
The indicator based on removed volumetric organic load (COD -MYRL C,n ) should not be considered due to the approximately constant behavior and low value of organic matter removal (COD) under all conditions, regardless of the applied load. At this point it is important to mention the result obtained by Bhaskar (2008) , who studied biohydrogen production from synthetic effluent under acidogenic anaerobic conditions by varying the applied organic load in the system from 6.3 to 7.9 kgCOD.m 3 .d -1 and obtaining a reduction in MYRL C,n from 13.4 to 6.1 molH 2 .kgCOD -1 . The indicator based on removed carbohydrate load (sucrose -MYRL S,n ) is possibly the most appropriate indicator for analysis of system performance, as it quantifies biohydrogen production in terms of effectively consumed substrate, showing a relationship between the production of the product of interest (biohydrogen) and consumption of available reagent (sucrose). However, the results were analogous to those for the indicator based on applied carbohydrate load because, undert all conditions, the removal of carbohydrates was similar and high, and no significantly different values were observed when the applied loads changed. Thus, when the applied load was increased due to the reduction in cycle length at constant influent concentration (1/2/5 and 3/4/6 conditions -50% reduction in cycle length: 4.21/2.58/1.69 and 3.17/2.19/1.83 molH 2 .kgCOD -1 ), biohydrogen production increased for the longer cycle.
When the applied load was increased with increasing influent concentration at constant cycle length (conditions 1/3, 2/4 5/6 -50% increase in the influent concentration: 4.21/3.17, 2.58/2.91 and 1.69/1.83 molH 2 .kgCOD -1 ), the behavior was similar to the above, i.e., biohydrogen production was higher at the lowest influent concentration for the 4-h cycle, i.e., the longest cycle. However, this behavior was reversed for 2 and 3-h cycle lengths, i.e., at these cycle lengths the highest biohydrogen production occurred at the highest influent concentration, noting that this reversal of behavior occurred at similar hydrogen production values. Comparing conditions 4/5 (2.91/1.69 molH 2 .kgCOD -1 ), i.e., same applied load but lower influent concentration and cycle length in condition 5 in relation to condition 4, there is increased production of biohydrogen in condition 4, i.e., a reduction in cycle length with a proportional reduction in influent concentration (and the same organic loading rate) seems not to favor biogas production.
Considering the theoretical yield of the production route of acetic and butyric acids (Table 4) , the reactor performance reached a maximum of 18% when using the acetic acid pathway and 36% when using the butyric acid pathway in condition 1, i.e., the values obtained were below the maximum yield observed in other synthetic wastewater treatments, but remained within the same order of magnitude (Cheong et al., 2006; Vijaya Bhaskar et al., 2008; Chen et al., 2009; Sreethawong et al., 2010) . . These profiles were obtained at the end of each condition to observe system behavior and compare with the results obtained when samples were taken at the end of the cycle. The division in two sets, one formed by acetic and butyric/iso-butyric acids and a set formed by ethanol and propionic acid is justified by the fact that the compounds in the first set indicate the formation of hydrogen, whereas the compounds in the second set indicate a reduction in yield and process efficiency. In order to simplify interpretation, the HBut values in these profiles refer to the sum of the values of butyric and iso-butyric acids. Figure 2 shows the decrease in carbohydrates due to microorganism consumption and Figure 3 shows the formation of biogas, specifically formation of hydrogen and non-formation of methane, where it can be seen that the influent concentration has a stronger effect than cycle length on comparing Conditions 1/3, 2/4 and 5/6 (different influent concentration and same cycle length) and Conditions 1/2/5 and 3/4/6 (different cycle length and same influent concentration). Thus, increasing influent concentration is more effective in obtaining higher initial concentration than decreasing cycle length, which accounts for the higher carbohydrate consumption and hydrogen formation rates.
Profiles Along the Cycle
This behavior is in accordance with the previous discussion on reactor performance, indicating that the best productivity tends to occur at higher organic loads (high influent concentration and low cycle length) as this parameter involves "biochemical generation" of biogas (hydrogen) and the best yield tends to occur at lower organic loads (low influent concentration and high cycle length) because this parameter involves "biochemical consumption" of the substrate. Figure 3 shows the formation of acetic, propionic, butyric/iso-butyric acids and ethanol, where no clear effect can be seen of influent concentration (Conditions 1/3, 2/4 and 5/6) and cycle length (Conditions 1/2/5 and 3/4/6). However, it can be seen that the formation of acetic acid was higher in relation to butyric and especially to propionic acid, and that a significant amount of ethanol was present throughout the cycle, which might have reduced the process yield. The reason is probably due to the substrate uptake rate characteristics (simple biodegradation). However, research using glucose and lactose, i.e., other simple substrates but with different up-take rate characteristics, is necessary for more insight into features of the metabolism.
CONCLUSIONS
The results showed that, in general, it is possible to produce biohydrogen with an AnSBBR with liquid phase recirculation treating sucrose based synthetic wastewater. The system maintained an organic matter (COD) conversion efficiency in the range of 12-20% and a carbohydrate (sucrose) conversion efficiency in the range of 93-99% throughout the experimental conditions, i.e., applied and removed organic loads (or influent concentration and cycle length) did not influence system performance. High concentrations of the major volatile acids such as acetic and butyric acids, and of ethanol were obtained in all experimental conditions. Biogas composition under the experimental conditions ranged from 32-39% H 2 (6.1-9.8 mmolH 2 .L -1 ) with no CH 4 . The influence of removed specific organic load (RSOL) on specific molar productivity (SMPr) and molar yield (MYRL) indicated that the influent concentration exerted a stronger effect than cycle length. The experimental conditions 4 and 6 (higher influent concentration and intermediate/shorter cycle length) and condition 1 (lower influent concentration and longer cycle) showed the best results in terms of MPr and MYRL, respectively. 
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